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i*   It  was  intended  at  the  outset  to  run  a  test  on  several  trems- 
formers  of  various  types,  tut  it  v/as  later  found  that  the  subject 
took  a  great  deal  more  tinii  than  v.'as  e;.nticipated.   Por  this  rea,scn 
a  full  set  of  data  was  obts.ined  on  only  one  transformer. 

The  calculated  data  and  the  curves  sii0'>'rn  in  thi^>  thesis 
are  those  for  a  General  Electric  Series  Transformer,  Type  S, 
?orm  J),  #302865"  built  for  17,500  volts  on  the  mains.   T?atio  20  to  1. 
Pull  load  75  ainperes,  thirty  minute  load  100  aiuperes. 

Purther  data  on  a  25  ampere  transfonuer  is  included  in   this 
thesis  but  it  is  not  T,'Orked  up. 
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A  series  transfomier  is  a  device  coiranonl;.'-  used  in  high 
potential  power  lines  for  supplying  current  to  an  ainineter  or  the 
series  coil  of  a  wattmeter. 

It  being  undesirable  to  bring  the  hi/jh  potential  feeders 
directly  to  the  switch  board  on  account  of  the  danger  tnus  in- 

4 

TOlved  the  series  transformer  was  developed. 

It  occupies  the  saine  place  in  alternating  current  v7ork  as 

does  the  shunt  in  direct  current  lines,  namely;  that  of  supplying 

a  definite  ratioK  of  trie  total  current  flov/ing  through  the  lines 

to  instruments  whose  scales  are  so  calibrated  that  tne  total 

amount  of  current  flovying  is  read^  instead^of  just  that  portion 

which  flows  through  them. 

The  transformer  is  essentially  a  fev;  turns  of  heavy  \7ire, 

are 
wound  on  a  porcelain  core,  which  irs  connected  in  series  with  the 

linSj  in  which  the  current  is  to  be  measured.  The  secondary  con- 
sists of  a  large  number  of  smaller  turns  v;ound  around  the  primary 
winding.  The  measuring  instnuments  connect  directly  to  these 
secondary  terminals. 

If  the  transformer  is  designed  for  some  particular  instrument 
with  its  known  length  of  leads  from  the  transformer  to  the  switch 
board  it  can  be  so  constructed  that  the  percent  error  on  all  loads 
is  very  small. 

As  the  above  is  very  seldom  the  case,  since  certain  types  of 
transformers  are  used  on  different  types  of  instrui;ients  and  dif- 
ferent lengths  of  leadsman  error  is  introduced  which  depends  upon 
the  nature  of  tne  secondary  circuit  and  the  size  of  tne  load. 

The  cominonly  recognized  error  of  these  transformers  is  that 
of  variation  of  the  ratio  of  transformation.  Another  source  of 


error, which  is  seldom  mentioned  is  that  of  the  phase  relations  of 
the  currents  in  the  primtiry  and  secondary  of  tne  transformer.   The 
error  caused  by  this  latter  is  practically  neglegible  at  unity 
,  power  factor  but  rapidly  increases  for  lov/er  pov/er  factors. 
In  a  transforjier  the  primary  and  secondary  currents  are 

o 

nearly  always  asBunied  to  be  130  apart.   This  is  Ysry   seldom  the 
case  but  does  not  meike   much  difference  in  general  cases. 

In  a  series  transformer  where  its  sole  function  is  to  supply 
current  for  pov/er  measuring  instruments  an  error,  however  small, 
causes  a  loss  where  large  aiuounts  of  pov/er  are  measured. 

The  current  in  the  secondary  of  a  transformer  of  the  series 
type  instead  of  being  just  180  behind  the  current  in  the  primary 

C  the    I  60°  position) 

lags  iV  by  a  small  angle  which  will  be  called  alpha  (a)  in  this 
vork. 

The  object  of  the  follov;ing  work  is  to  find  the  value  of  that 
angle  and  also  the  ratio  of  transformation  under  different  char- 
acters of  secondary  circuits  for  loads  varying  from  light  loads 
to  over  loads.   The  value  of  the  ratio  of  transformation  is  a  very 
easy  quantity  to  obtain  since  it  is  just  the  ratio  of  the  primary 
to  the  secondary  current  and  these  values  can  be  obtained  very 

readily. 

i2^,,,i,4iy.  The  method  of  obtaining  the  phase  angle  was  a  harder 
matter  as  the  literature  on  that  subject  was  of  yery   meagre  nature. 
The  only  reference  found, was  that  in  the  transactions  of  the 
u  American  Institute  of  Electrical  Engineers  of  1906, 

An  oscillograph  was  thought  of , but  as  the  angle  to  be  measured 

was 
i-3-  so  small  compared  to  the  scale  of  the  oscillograms  whicn  could 

be  obtained  that  another  method  was  thought  more  applicable. 

The  method  used  is  a  rather  simple  one  and  consists  of  two 

sensitive  dynamometers,  the  stationary  coils  of  which  are  connected 

in  parallel,  one  of  them  first  going  througii  an  ammeter. 
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These  coils  are  then  connected  through  a  bank  of  lamps  to  the 
secondary  of  a  three  phase,  squirrle  cage,  induction  motor,  the 
secondaries  of  each  phase  being  open  and  connected  to  sliprings. 
By  supplying  current  to  the  primary  of  the  induction  motor  a  re- 
volving field  is  set  up  and  by  moving  the  rotor  the  desired  amount 
and  clanaping  it  in  place,  a  current  vmich  varies  from  the  primary 
current  by  an  amount  equal  to  from  zero  to  120 j°  depending  upon 
the  position  of  rotor,  can  be  obtained. 

The  moving  coil  of  one  dynamometer  was  connected  to  a  shunt 
in  the  primary  circuit.   The  moving  coil  of  the  other  dynamometer 
was  connected  through  an  aimneter  to  tlie  secondar3^  of  the  trans- 
former to  be  tested,  A  double  pole  switch  ;7as  placed  in  each 
circuit  so  that  the  instruirents  could  be  cut  out  when  desired, 
A  single  pole  switch  was  placed  across  the  seconds.rj^  terminals 
of  the  transfoiTTLer  so  it  could  be  shorti»*i.ed  when  the  other 
switches  were  open.  This  was  necessary  because  if  it  was  left 
open  a  high  e.m.f .  would  be  set  up  in  t?ie  secondarj^  due  to  the 
primar3^  current.   This  e»m.f,   would  be  liable  to  puncture  the 
insulation. 

As  a  large  current  was  needed  the  most  convenient  way  of 
obtaining  it  was  decided  to  be  that; of  using  a  high  current  trans- 
former, which  had  a  ratio  of  eleven  ,  twentj/'-two,  forty-four, 
depending  upon  the  way  of  connecting,  A  curr^^nt  as  high  as  three 
thot;.sand  ejsiperes  could  be  obtained  v;ith  this  if  desired  but  as 
only   one  hundred  was  needed  it  was  connected  up  with  the  twenty- 
two  ratio  and  by   varying  the  current  in  the  primarj'-  by  means  of  a 
lamp  rack  and  some  carbon  rheostats  the  value  of  the  second&.rj'- 
current  of  this  transformer  could  be  changed  at  v/ill. 
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The  secondary  of  this  transformer  vras  connected  directly 
through  the  primarjr  of  the  series  transformer  and  the  shunt  spoken 
of  before, 

A  frequency  meter  v/as  also  supplied,  as  v/ere  double-throw 
switches  for  balancing  the  dynsjnometers  against  each  other  if 
desired.  The  scheme  of  wiring  can  easilj'-  be  seen  from  the  accom- 
paning  blue  print. 

The  method  of  working  the  apparatus  is  as  follows: 
Current  is  sent  through,  both  colls  of  t?.e  dynaraornater  by  manip- 
ulation of  the  lamp  racks.   Then  by  moTing  the  handle  connected 
to  the  rotor  of  the  induction  motor  the  phase  relation  of  the 
current  in  the  stationary  colls  is  adjusted  to  90"  difference 
from  that  in  the  moving  coll  of  the  dynamometer  connected  onto 
the  shunt.  The  current  in  the  coll  connected  to  the  shunt  is  in 

o 

phase  with  the  prima-rj'  current  of  the  transfonner,  A  90  differ- 
ence in  phase  relation  of  the  currents  v;lll  cause  the  dynamometer 
connected  to  the  shunt  to  rea-d  zero. 

If  the  current  in  the  secondary  of  the  transformer  Is  just 

o 

180   out  of  phase  vrith  the  primar;^  current  the  dynamometer  across 
It  v/ill  read  zero.  If  it  does  not  read  zero,  the  deflection  is 
noted  and  the  values  of  the  currents  in  each  of  its  coils  are  taken. 
The  deflection  obtained  is  proportitnal  to  the  sine  of  the  e.ngle 
of  lag  since  the  deflection  of  the  d^z-najnometer  is  equal  to  the 
products  of  the  currents  through  each,  coll  tim.es  the  cosine  of  the 
angle  between  them,  or  D-ini^^  cos  •©•,   By  adjusting  the  dynai^iometer 

o  o 

across  the  shunt  for  zero  deflection  -©•  becomes  SO  so  t?ie  a.ngle 
between  the  currents  in  the  second  dynamometer  is  (90-a),  There- 
for D^KTI^  co3(90''-a)*FII^sin(a''), 
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The  d;mamometer  was  calibrated  as  an  aimneter  on  direct 
current  so  the  value  of  the  cosine  -i*  one   and  as  the  two  coils 
were  in  series  I,=  I^then  D^ICC,!;   This  enabled  one  to  detennine  the 
«|,value  of  K  for  different  deflections  and  a  curve  was  plotted  so 
these  values  could  be  taken  off.  The  arameters  were  calibrated 
and  cui-ves  plotted  for  them  as  was  also  done  for  all  the  instru- 
ments used. 

irhen   the  experiment  first  started  an  aoiineter  was  placed  in 
the  circuit  of  the  moving  coil  connected  across  the  shunt  so  b\'' 
ratio  of  the  resistance  of  these  two  circuits  and  the  reading 
of  the  aacneter  in  the  secondary  of  the  transformer  the  ratio  of 
transforiiiation  could  be  obtained  directly.  This  cut  dov/n  the 
sensibility  of  the  d3manometer  so  much  that  it  was  taken  out  and 
the  ratio  obtained  separately  by  means  of  a  hot  V7ire  anmieter  con- 
nected across  the  shunt.   By  plotting  a  curve  for  these  ratio 
readings  the  value  of  the  prima/i-y  current  corresponding  to  the 
secondary  current  taken  during  the  phast3  angle  readings  could  be 
obtained  a.nd  the  ratio  obtained  by  their  division. 

In  order  to  obtain  the  impedance  of  the  secondiiry  circuit  a 
special  instrument  had  to  be  used  because  there  was  no  lov;  reading 
alternating  current  voltaeter  obtainable.   In  order  to  obtain  an 
instrument,  a  Y/hitney  hot  wire  amineter  v/hich  is  commonly  used 
across  a  shunt  vras  calibrated  as  a  voltmetjr  as  follows: 
^    It  v/as  placed  across  the  shunt  and  readings  taken  of  current 
flowing  through  the  shunt  and  the  reading  of  ammeter,  A  milli- 
voltmeter  was  then  placed  across  the  shunt  and  readings  of  it  taken 
corresponding  to  line  current.   By  plotting  a  curve  against  ammeter 
readings  and  milli-volt  readings  the  calibration  of  tne  amineter 
as  a  voltmeter  was  obtained. 
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In  obtaining  the  impedance  drops,  the  drop  had  to  be  taken 

over  the  ammeter  which  was  in  the  circuit  or  the  true  A^^xlue  of 

current  flov;ing  through  the  circuit  could  not  be  obtained.  As 

this  could  not  always  be  done  it  v/as  necessary  bo  calibrate  the 

instrument  as  an  ammeter  without  its  shunt.  Then  by  subtracting 

the  current  flowing  through  it  from  the  aiiiiueter  reading  the  true 

E 

value  of  the  current  in  the  circuit  v/as  obtained  and  then  S'  I 
where  E  is  the  voltage  as  indicated  by  the  instruraent  and  I  is  the 
corrected  current.   This  was  necessary  because  the  instruraent 
had  such  a  low  resistance  that  more  current  flowed  through  it, 
than  did  through  the  circuit  to  be  measured.  The  resistance  of 
the  circuit  was  obtained  oy    cae  fall  of  potential  method  using  a 
calibrated  a..iiiieter  and  voltmeter. 
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The  sjfinbols  and  letters  used  in  this  work  have  the  following 
meanings : 

Rj  :  Resistance  of  seconde.r3^  circuit. 

■P     .    L  =  Reactance  of  secondary  circuit. 

I.^  r  Current  in  phase -shifter. 

I^  :  Current  in  tra-nsfonuer  secondary, 

Ip  r  Current  in  transfonner  primary. 

Defl,-  Dynauiometer  deflection. 

K  =  Dynamometer  constant. 

R  -  Ratio  of  primary  current  to  secondary  current, 

#  -  Corrected  values  of  above  symbols. 

The  circuijrs  used  are  composed  of  the  follov>ring;  as  taken 

from,  the  data  sheets  on  resistance  a.nd  impedance. 

No.  Character. 

1  _      (a) 

3  (b)-h(c) 

4  (a)+  (c) 

5  (c)^-  (h) 

6  (c)^-(i) 

7  (e) 

8  (f) 

10  (g) 

11  (k)+  (c) 


( 


The  nature  of  th. 
Wo. 

4 

5 
11 
17, 

6 

1 

7 
12 

8 
10 


secondarj^  circuits  used  are  as  fcllov/s 
.   R  L 


.35460 


.09060 
.12870 
.21200 
.22920 
.25900 

.22060 


.0035860 
.0058000 
.0096260 
.0166000 
.0223000 

.0003460 
n 

t) 

It 

II 

.0010740 


r 


^ 


C/ 


(a)       Resistance.  (b) 


I 

'  E 

#1 

#E 

R 

I 

E 

#1 

-#E 

R 

1 

0.270 

0.99 

0.260 

0-.263 

1 

0'.135 

0.99 

0.130 

o.i.-^ia 

2 

0.530 

1.98 

0'.  520 

0'.263 

2 

0-,265 

1.98 

0.265 

0-.1337 

3 

0'.795 

2.96 

0.790 

0'.267 

3 

0.392 

2. 9  6 

0.380 

0.1283 

4 

r.050 

3-.  89 

1.035 

0.266 

4 

0.520 

3.89 

0'.510 

0.1278 

5 

1.300 

4.86 
(c) 

1.270 

0.262 

5 

0.640 

4.86 
(d) 

0.625 

0.1286 

I 

E 

#1 

#E 

R 

I 

E 

#1 

#E 

R 

1 

0.090 

0.99 

0'.090 

0',0910 

1 

0'.105 

0'.99 

0.105 

0.1062 

2 

0/180 

1-.98 

0'.17  5 

0.0885 

2 

0'.210 

1.98 

0-.205 

0-.1035 

3 

0'.27  5 

2.96 

0.270 

0-.0913 

3 

0.250 

2-.  9  5 

0-.310 

0.1047 

4 

0'.368 

3.89 

0-.360 

0.0903 

4 

0-.42  5 

3.89 

0.415 

0.1040 

5 

0.455 

4.86 
(e) 

0.445 

0.0917 

5 

0.525 

4.83 
(f) 

0.510 

e.io5o 

I 

E 

#1 

#E 

R 

I 

E 

#1 

#E 

R 

1 

0'.238 

0'.99 

0-.237 

0'.2495 

1 

0.132 

0-.99 

0'.130 

0.1515 

2 

0'.465 

1.98 

0'.455 

0.2300 

2 

0'.258 

1.93 

0'.250 

O'.12o5 

3 

0-.690 

2-.  9  6 

0'.670 

0-.2265 

3 

0.392 

2.96 

0-.380 

0.1285 

4 

0'.920 

3'.  89 

0,900 

0.2310 

4 

0-.513 

3.89 

0-.500 

0.1285 

5 

1/135 

4.86 

1.100 

0.2290 

5 

0.640 

4.86 

0.625 

0.1285 

(g) 

E     #1    #E      R 


1 

0-.262 

0.99 

0.26 

0..263 

2 

0.520 

1.98 

0-.51 

0-  257 

3 

0'.775 

2.96 

0-.7  6 

0^257 

4 

1'.035 

3.89 

1.01 

0'.260 

5 

1.283 

4.86 

1.25 

0,257 

('T' 
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Impedance. 


(a) 


I^ 

E'„ 

Alt. 

^Iz 

'  IriK 

/Ic 

E 

Z 

1-.423 

40-,  0 

50/50 

1.430 

1.245 

0'  185 

0.117 

0.633 

2'.  13  2 

60,0 

tt 

2.165 

1.860 

0^305 

0-.171 

0'.562 

2'.  808 

80.0 

It 

2.830 

2-.  440 

0-,390 

0'.229 

0-,588 

3'.  150 

90.0 

n 

3.135 

2'.  7  30 

0',455 

0.257 

0,565 

3.478 

100.0 

II 

3.525 
(b) 

3.000 

0,525 

0.286 

0.545 

'I. 

Eh' 

Alt. 

*I. 

I/».K/ 

'I. 

E 

Z 

1.890 

40.0 

50.50 

1'.915 

1.24  5 

0,670 

0.117 

0.1750 

2.800 

60.0 

11 II 

2.825 

1.860 

0,965 

0.171 

0.177  3 

3.738 

80.0 

u 

3.785 

2. 440 

1-.345 

0.229 

0.1700 

4.600 

100.0 

tt 

4.65 

3,000 

1.650 

0.286 

0.1735 

(c) 


I« 

E„ 

Alt. 

^i. 

■L  H.W 

Ic 

E 

Z 

0.550 

20.0 

50.50 

0.530 

0 

0.530 

0'.064 

0'.121 

1.085 

40.0 

n 

1.085 

0 

1.085 

0,117 

0,108 

1.600 

60.0 

II 

1.600 

0 

1.600 

0.171 

0.107 

2-.143 

80.0 

n 

2.165 

0 

2.165 

0.229 

0.106 

2.375 

90.0 

It 

2.405 

0 

2.405 

0.257 

0.1068 

2'.  650 

100.0 

It 

2.67  5 

0 

2.675 

0.286 

0.107 

1,075 

40.0 

51. eo 

1.07  5 

0 

1.075 

0.117 

0.1088 

1 .  600 

60.0 

It 

1.610 

0 

1.610 

0.171 

0.106 

2.185 

80.0 

tt 

*d  #  <c  <i>  D 

0 

2.225 

0.229 

0.103 

2.435 

90.0 

It 

2.470 

0 

2.470 

0.257 

0.104 

2,718 

100.0 

II 

2.7  50 

0 

2.750 

0.286 

0.104 

.■  \ 
■  I 


/' 


Impedance 

. 

(d) 

'  I. 

Sh 

Alt. 

*Ia 

I  H  W 

'  1= 

■  s 

2 

0'.875 

40.0 

51.0 

0.875 

0 

C.87  5 

0'.117 

0.1340 

1'.535 

SO.O 

II 

1.339 

0 

1.339 

0.171 

0.127  5 

1.818 

80.0 

II 

1.835 

0 

1.835 

0.229 

0.1250 

2.028 

90 '.0 

II 

2.040 

0 

2.040 

0.257 

0.1400 

2.26 

100.0 

11 

2.290 
(h) 

0 

2.290 

0.286 

0.1250 

'la 

Sh 

Alt. 

#1, 

Ih.M'. 

ic 

•  E 

Z 

1'.345 

40.0 

50.50 

1.345 

1 

.245 

0.100 

0.117 

1.170 

1.960 

oO/O 

II 

1.980 

1, 

,860 

0.120 

0.171 

1.425 

2.550 

80/0 

II 

2.556 

2, 

.440 

0.110 

0.229 

2.80 

3.16n 

100.0 

II 

3.200 

3, 

.000 

0.200 

0.286 

1.430 

(i) 


'I. 

Eh 

Alt. 

*I. 

■'-H  >*•. 

Ic 

E 

Z 

0.790 

24.0 

50.25 

0-.780 

0'.760 

0.02 

0-.07  6 

3.80 

r.275 

40.0 

II 

1.27  5 
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Errors   for  60;^  Power  Factor. 
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By  meajis  of  the  calitration  curves  of  the  variouis  instrunents 
used  in  the  test,  the  data  v:as  corrected,  the  corrected  values 
being  used  as  the  basis  of  all  the  cun,res.   The  preliminary  curves 
v;ere  then  drav/n  for  each,  circiiit,  with  the  priaiar^'-  current  as  abscis- 
sas and  the  ratio  and  the  angle  alpha  as  ordinates.   Erora  these 
curves  values  v^ere  picked  for  additional  curves,  and  for  convenience 
these  values  v-ere  taken  for  everj?-  ten  araperes  as  shown  ondata 
sheets  pp. 22-25. 

Prora  these  values  the  ratio  error,  angle  error,  and  total 
error  vrere  determined.  Evidsntlj'  the  ratio  error  in  percent  is 
equal  to  100(apparent  ratio-  true  ratio)/  (true  ratio),  and  since 
the  true  ratio  is  20,  the  formula  resolves  itself  into  ^r'atio  error 
100  (apparent  ratio-20  )/20 .  A  stud;^  of  the  re.tio  relations  bet\7een 
the  priEiar3r  and  the  secondary'-  of  the  series  transforirer,  a.nd  the 
above  equation  shows  that  necessarily  positive  va.lues  of  error  are 
in  favor  of  the  constimer,  since  more  current  is  fiov/in;^  than  is 
mes.sured,  and  ?ience  negative  values  are  in  #avor  of  the  station. 

The  percentage  angle  errj/r  may  be  determined  from  the  formula 
percent  error  100(l-cos  (a-f©-)/cos  -e-),)  v/here  alpha  is  the  error 
angle  e.s   determined  in  preceding  data,  and  theta  is  tne  aJigle  of 
phase  difference  betveen  the  prima-r;-  e.m.f.  and  current.   The  ateove 
equation  \?as  determined  in  the  folioTvinp-  m.anner: 

Let  E  =  B.  M.  P.  on  mains,  8.nd 
1=  current  in  mains,  and  co30-=  power 
factor.  Then  the  pover  supplied  — 
EI  cos©-.   In  the  series  transformer 
E,  of  the  priiiiary-  KE,  and  I,  of  the 
primary  =  K  I,  and  cos  ©•  is  coM.ion, 


thus  E,  I  cos  -0- =  K  E  I  cos  6-,  that  is,  the  pc\<rer   in  the  prime^ry 
of  the  transforner  is  proportional  to  the  poorer  in  the  mains. 
Assuming  ideal  trans forraer  relations  and  a  ratio  of  1  to  1,  the 
-.wXatter  merely  for  convenience  as  any  ratio  v.ill  lead  to  the  sai;ie 
result,  the  1^=  I,  and  is  ISO  degrees  out.  of  phase  'with  it,  also 
El' Ij,  and  is  ISO  degrees  out  of  phase  v/ith  it,  hence,  E^I^cos  0-  = 
E  I.  cos  0  =K,B  I  cos  ■©-,  which  states  that  E^I^cos  -©•  is'^measure  of 
the  true  pov.'er  supplied,  bs.sed  on  ideal  codditions.  Due  to  the 
resistance  s.nd  the  reactance  of  the  transformer  the  pha,se  an^le 
difference  in  the  primary  and  the  seoondarj'-  may  differ  fcy  some 
small  e.ngle  alpha,  and  hence  tlie  power  registered  on  the  secondarj"" 
side  V70uld  be  Ej,I^co3(6-  +  a),  and  since  E^  =  E^  and  I^  =  I^,  the  pov^er 
registered  would  he  E.  I,  cos(-6-  +  a).  The  error  would  then  be 

100  (  :-;.  I,  cos  -e-E^  I^  cos(e  +  a)  )/  E,  I,  cos  e-  =  100(1  -  cos{-e-  fa)/ 
cos  ■^). 

As  the  angle  is  a.  lag  angle, the  error  caused  thereby  is  alwa.ys 
in  favor  of  the  censumer,  and  is  therefore  considered  a  positive 
error.   The  algebraic  sum  of  the  ratio  error  and  the  a,ngle  error 
gives  the  total  error.  It  is  this  tetal , error  which,  is  used  a.s 
ordinates  in  curves  13-23.   A  study  of  the  data  for  these  error 
curves  shows  that  the  tota-1  error  for  100/=  po\';er  factor  and  the 

ratio  error  differ  only  slightly,   so  that  only  the  ratio  error 

a 
cirve  for  100^:  pov/er  fattor  was  plotted. 

)  A  series  of  a^ngle  and  ra.tio  values  were  taken  from  the  circujt 

curve,  for   25fj,  50y',    7  5  o,  lOO/o,  and  125; ^  of  full  loa,d,  grouping 

those  results  with  the  sarae  resista.nce  and  variable  reacta.nce,  and 

also  those  with  the  same  reactance  a.nd  varia.tle  resistance.   In  the 

first  case  the  angle  alpha  and  the  ratio  were  plotted  against  the 

reactance,  while  in  the  latter  case  theywere  plotted  against  the 

resistance. 


0. 


3i 


?or  points  on  these  curves,  the  error  was  calculated  and  poltted 

I" 

against  resistance  and  Inductance.   Ci'cx-ujt  #10,  th.e  nearest 

appr&O'ch  to  pra,ctic?.l  conditions,  rrith  a,  resista.nce  eciual  to  that 

of  100  feet  of  -''■14  B.c:S.  Virire  and  a  lovr   inductance,  \7as  tnen 

''"selected,  and  the  total  error  for  differnet  power  faictors  plotted 

against  power  factor,  for  different  load3.   A  sejnple  calculation 

of  the  ahove  is  shovm  in  the  followring: 

Circuit  t'IO  on  page  20  is  taken  e.s  the  standard  because  it 

is  the  nearest  to  actual  conditions. 

1  =  5.00   #1,1^4.98     IjO.35    #1^=0.35     Defl.=  16.0   Z=81.70 
16.0 

Rina=- ■----  =  .1121    a=o°  26.2' 

4. 98X0. 35X81. 70 
From  ratio  reading's  on  page  13  a  curve  was  plotted  fcetv^een  the 

primary  and  secondar3'-  currents.   Then  by  taking  Ip  corresponding 

to  seconds.ry  current  I5-O.35,  a  value  of  Ip^7.5  v/a.s  obte.ined.  This 

gives  a  ra.tio  of  7.5/3.5-21.40.  These  values  of  ratio  and  alpha 

are  plotted  a,galnst  I^on   curve  sheet  #9.   Points  picked  off  of 

these  curves  for  every  ten  aiiiperes  are  tabulated  en  page  24. 

From  this  data  take  1^=20,  Then  ratio  is  20.98  and  /terror  is 
100(  20.98  -  20.00  )/20  or  4.98fo.   Alpha  for  saiue  I^  is  3°57lo. 

;^Error=100  -  100cos(-e-  <■  a)/cosO.   Jor   an  86. V;^  povrer-factor 
O=30°and  {■&   +  a)-33''57.d.    Cos30=.867   Cos33°  57- .8295  . 

This  gives  an  error  of  4.2€,   Total  error  is  4.9  +  4.£=9,l)b 
Values  obtained  es  a.bove  are  f>lotted  ag?^inst  Ip  on  cui'^ve  sheet  20, 

Page  25  gives  the  values  of  ratio  and  alpha  for  the  diff- 
erent  circuits  v/hereR  is  constant  and  L  is  variable  and  also 
v/here  L  is  constant  and  R  is  variable.   These  plotted  against 
R  and  L  give  curve  sheets  24  and  25.  The  errors  for  the  same 
for  80^^  power-factor  are  tabulated  on  page  26  and  the  curves 
plotted  from  this  data  are  on  curve  sheets  26  and  27. 
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A  general  consideration  of  the  curve  sheets  shor:  the  follov;- 
ing  conclusions ; 

Ratio , Angle, -  Ip  Curves. 
The  ra-tio  and  the  a.ngle  decrease  with  increased  loa.d  as  does  also 
the  error  due  to  these. 

Angle  -  Resistance  3urves, 
The  angle  appros.ches  zero  for  zero  resistance.  A  ma,ximuDi  angle 
occurs  at  .13  ohjas.  A  riiipimii  at  .20.  Sm    increase  of  loa.d 

straightens  out  th^  curves  and  tends  to  make  the  angle  error 

c 
constant  for  8.11  resistancees.   It  also  decreases  the  angle. 

Ratio  -  Resistance  Curves. 

Tra.nsfomer  circuit  has  a  critical  resistance  ^-hich  fives  a 

minimum  value  to  the  ratio  either  a  decrease  or  increase  in  the 

resistance  raising  the  ratio.   Por  esiy   resistance  an  increase  in 

load  decreases  the  value  of  the  ra.tio.   Curves  show  that  there  a.re 

tvro  resistances  that  ■■■ill  give  the  true  value  to  the  ratio  for 

any  load. 

Angle  -  Inductance  Curves. 

The  abgle  decre&.ses  v;ith  load.  Th.e  critical  value  of  inductance 

at  v/hich  alpha  is  a  ma,:cimuia  is  .006  h-nrys.  Any  increase  or  decreas 

in  the  inducta.nv-ie  decreases  this  angle. 

Eatio  -  Inductance. 

An  increase  in  the  inductance  levers  the  ratio  and  cis-kes  it  raore 

constant.   Por  high.  loa,ds  the  ratio  is  nearly  constant  for  all 

values  of  L.   The  curves  indicate  a  critical  me.ximuni  and  a  minimum. 

Power  factor  -  Error. 

The  error  decreases  with  an  increased  povrer  factor. 
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Resistance  -  Error  Curves. 
The  total  error  varies  ddroctl--  inversely  as  the  load  and  nay  be 
negative.  There  is  a  critical  value  of  R  vjhich  gives  a  niinimuia 
-%rror . 

Inductance  -  Error  Curves, 
The  total  error  varies  inversely'  as  the  load  and  ma,y   be  negative. 
A  critical  value  of  E  gives  a  maximum  error. 


A  consideration  of  ths  above  shoua  that  tha  inductance  and 
resistance  in  the  secondar;^  play  an  important  part  in  the  correct 
operation  of  the  series  transformer  for  svvitcri-bos.rd  use.  Y>/liere 
the  instruiient  leads  and  transfcriiier  a,re  calibrated  together  and 
used  together  the  errors  sh.own  in  the  curves  are  eliminated.   But 
this  is  not  the  practice  as  the  position  of  the  instruments  ma;/- 
be  changed  or  the  resistance  of  the  leads  cannot  be  determined  at 
the  time  of  calibration. 

!Bhat  this  is  an  important  consideration  is  shov^n  by  the  fact 
that  the  errors  in  some  of  the  circuits  approach  ver;-  large  values 
on  light  loads  and  values  that  cafenot  be  neglected  even  on  the 
usual  operating  loads.  The  average  error  ^rill  introduce  a  loss  to 
any  station  sufficiently,-  large  to  make  it  Vv-orth  vrhile  for  them  to 
investigate  this  error. 

It  is  customary  in  making  a  series  transformer  test  to  merely 
test  the  ra.tio  of  transforr.iation .  This  of  course  is  made  on  the 
aassumption  that  the  current  and  e,m.f.  in  the  secondary  of  the 

transformer  bear  the  S€d;ie  relation  to  each  other  that  the  current 
and  e.m.f.  in  the  primar;."-  do,  or  cf  not,  that  the  error  introduced 

thereby  is  negligible.   That  this  is  a  serious  mistake  ':\'ill  be  noted 


t 


3S- 


after  a  study  of  the  curves  and  the  data. 

It  will  be  noted  tha.t  at  about  the  usual  operatin,-  povfer  factor 
at  light  loads,  the  error  due  to  the  phase  difference  of  the 
xi'^rrent   and  e.m.f.  in  the  secondarj'-  often  exceeds  that  due  to  the 
ratio,  -while  at  normal  operatioiig  loads  it  is  equal  to  or  slightly 
greater  then  the  ratio  error,   Por  full  loao.s  the  anf-le  error  is 
usually  smaller  than  the  ratio  error,  and  for  pov;er  factors  of  lOOfo 
or  nearly  so,  the  an,';-le  error  c^^n  be  neglescted.   Since  tiie  usual 
operating  power  factor  is  often  nauch  belo\/  100;t,  the  error  due  to 
the  phase  angle  sb_ould  also  be  considered  in  connection  v/ith  that 
due  to  the  ratio. 
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